ABSTRACT The reproductive endocrine systems are vastly different between males and females. This sexual dimorphism of the endocrine milieu originates from sex-specific differentiation of the somatic cells in the gonads during fetal life. Most gonadal somatic cells arise from the adrenogonadal primordium. After separation of the adrenal and gonadal primordia, the gonadal somatic cells initiate sex-specific differentiation during gonadal sex determination with the specification of the supporting cell lineages: Sertoli cells in the testis vs granulosa cells in the ovary. The supporting cell lineages then facilitate the differentiation of the steroidogenic cell lineages, Leydig cells in the testis and theca cells in the ovary. Proper differentiation of these cell types defines the somatic cell environment that is essential for germ cell development, hormone production, and establishment of the reproductive tracts. Impairment of lineage specification and function of gonadal somatic cells can lead to disorders of sexual development (DSDs) in humans. Human DSDs and processes for gonadal development have been successfully modeled using genetically modified mouse models. In this review, we focus on the fate decision processes from the initial stage of formation of the adrenogonadal primordium in the embryo to the maintenance of the somatic cell identities in the gonads when they become fully differentiated in adulthood. (Endocrine Reviews 39: 739 -759, 2018) 
D
imorphism of reproductive organs lays the foundation for sex differences in body size, body composition, metabolism, immune system, brain function, stress responses, and disease susceptibility and presentation (-). Sexual dimorphism in most mammals is determined by sex chromosome composition in two ways: directly through innate genetic differences between the XX and XY cells, and indirectly though the establishment of gonadal identity and subsequent sex-specific hormonal milieu (). The origin of most sexually dimorphic traits in the reproductive system can be traced back to early times in fetal development, when the sexually indifferent fetus begins to develop as male or female during sex determination. The drivers of gonadal sex determination are the somatic cells in the fetal gonad. These specialized somatic cells orchestrate the morphogenetic cascade that leads to the formation of testis or ovary and their distinct endocrine cell types. In this review, we focus on how endocrine cell lineages, Sertoli cells and Leydig cells in the testis and granulosa and theca cells in the ovary, are established during embryogenesis through genetic sex determination and paracrine signaling. We also discuss how insights gained from mouse models advance our understanding of human sex determination and the disorders associated with defects in this process.
Disorders of Sex Development in Humans
When the biological sex of the individual does not match the genetic sex, or falls in between the opposite ends of the sexual spectrum, the individual is considered as having a disorder of sex development (DSD). DSDs are defined as "congenital conditions in which the development of chromosomal, gonadal, or anatomical sex is atypical," and they can range from complete sex reversal to minor reproductive defects that manifest later in life (). In , the Chicago Consensus Conference reclassified DSDs based on their etiology (chromosomal abnormality or gonadal/ reproductive phenotypes) (, ). The overall incidence of DSDs is estimated at  in  to  live births (), with some forms of DSDs considerably more frequent than others. Turner syndrome, or ,XO, occurs in  in  live births, whereas ,XX ovotesticular disorders are very rare at  in , live births (). Although many of the common DSD conditions, such as sex chromosome aneuploidies, congenital adrenal hyperplasia, and androgen insensitivity syndrome, are well characterized, most DSD cases are idiopathic, as diagnosis remains challenging. Moreover, mutations in key genes in sexual development often give rise to highly variable clinical phenotypes, as a mutation might cause male infertility or premature menopause in one generation and gonadal dysgenesis in another generation, thereby further increasing the difficulty of diagnosing patients with DSDs (). It is estimated that only % of patients with DSDs receive a definitive clinical and genetic diagnosis (). Utilizing nextgeneration sequencing techniques could increase the diagnosis rate to % to %, depending on the specific disorder, which gives hope for more accurate diagnosis and management of individual patients in the future (, ). Cases of human DSDs have led to the discovery of a number of genes that we now know are critical for human sexual development. The functions of these genes have been further characterized using genetically modified mouse models, which provide insights into the complex regulatory network controlling sexual differentiation and the specific roles these genes play in facilitating the establishment of different endocrine cell types in the sex-specific development of the gonads.
Formation of the Gonadal Primordium
The gonadal primordium, which is the somatic cell component that eventually gives rise to the testis or ovary, is established on gestational week (GW)  in the human embryo and approximately embryonic day (E)  in the mouse (). The gonadal primordium (also known as the genital ridge) forms on the ventral side of the temporary embryonic kidney (mesonephros) as a result of the thickening and proliferation of the coelomic epithelium. Although the anterior-to-posterior thickening of the coelomic epithelium defines the first physical boundary of the gonadal field (), cells in the coelomic epithelium already acquire a molecular signature unique to the gonads. This includes expression of the transcription factors GATA binding protein  (GATA), Wilms tumor  (WT), and the nuclear receptor steroidogenic factor  (SF, encoded by Nra) (Figs.  and ) (-). In the mouse, Gata expression is induced by transcription factors sine oculis homeobox (SIX)  and SIX in the coelomic epithelium before the initial wave of coelomic epithelial thickening (). Without Gata, the thickening of the coelomic epithelium fails to occur, subsequently leading to agenesis of the gonads ().
Following the initial thickening of the coelomic epithelium, the progenitor cell population depends on sufficient expression of Wt and Nra for their continued survival (, ). WT promotes expression of Nra together with the transcriptional coregulator CITED (, ). If the progenitor cells fail to induce sufficient Nra due to loss of Emx, Cbx, Lhx, or Six/ Six, the gonadal primordium does not expand and becomes severely hypoplastic (, -), suggesting that gonadal primordium relies on Nra for survival. WT and NRA control early gonadal development also in humans, evident by the observation that some WT mutations in human patients are associated with ,XY gonadal dysgenesis with streak gonads (severely dysgenetic fibrotic gonads) (). Moreover, mutations in NRA lead to highly variable phenotypes in humans, some of which are associated with a complete gonadal and adrenal agenesis, consistent with its role as a survival factor in progenitor population (, ) [for a review on NRA mutations in humans, see ()]. Also, sufficient proliferation of the adrenogonadal primordium is necessary for gonad and adrenal development. This proliferation is promoted by insulin signaling, and loss of insulin/IGF signaling leads to agenesis of adrenal glands as well as testis-toovary sex reversal (, ).
ESSENTIAL POINTS
· Somatic cells in the fetal gonads lay the foundation for the establishment of sexually dimorphic reproductive systems · Somatic cell progenitors in the gonadal primordium undergo several lineage decisions to form the supporting and steroidogenic cells lineages, which ultimately support germ cell development and reproductive functions · The supporting cell lineage, Sertoli cells in the testis and granulosa cells in the ovary, respectively, arises from the coelomic epithelium of the gonadal primordium; Sertoli cells and granulosa cells differentiate from the common somatic precursors through activation and suppression of mutually antagonistic male and female sex determination pathways · The steroidogenic cell lineage, Leydig cells in the testis and theca cells in the ovary, originates from the coelomic epithelium of the gonadal primordium and the neighboring mesonephros · Steroidogenic cells differentiate under paracrine regulation from the supporting cell lineage in both sexes · Gonadal and adrenal cells originate from a joint primordium, which separates into the two lineages during fetal development While the coelomic epithelium proliferates and expands, the basement membrane underlying the epithelium disintegrates, thereby permitting ingression of the coelomic epithelial cells to form the gonad. Coelomic epithelial cells undergo asymmetric cell division where one daughter cell remains in the epithelium and the other ingresses into the gonad. The ingression of these coelomic epithelial cells requires proper polarization of the cells, which is primarily controlled by Notch signaling (). The proliferating progenitor cells therefore have a high Notch activity, whereas the daughter cells that ingress into the gonad downregulate Notch activity through expression of the Notch antagonist NUMB to become intermediate progenitor cells that are capable of differentiating into the somatic cell lineages (). If Numb is lost, the coelomic epithelial cells continue to proliferate and ingress into the gonad but cannot properly differentiate. As a result, large patches of undifferentiated progenitor cells aggregate in the gonads (). In addition to the progenitors originating from the coelomic epithelium, gonadal somatic cells also arise from cells that migrate into the gonad from the adjacent mesonephros (this is discussed in detail in the context of the development of each of the somatic cell lineages).
Whereas gonadal somatic cells arise at the site of gonadal primordium, primordial germ cells (PGCs) are specified far from the gonad in the epiblast prior to gonad formation [reviewed in (, )]. As the embryo develops, PGCs migrate through the allantois, hindgut, and mesentery toward the genital ridges. Migration of PGCs is guided by active movement toward chemotactic signals along the migratory path and passively by expansion of the embryo (). In the human, the PGCs migrate along nerve fibers to the gonad (). Once the PGCs arrive in the gonad, they become enclosed by the supporting cell progenitors and undergo several successive rounds of rapid proliferation to establish the germ cell pool (-). Despite their importance as a vector for transmitting genetic information to the next generation, germ cells are not essential for the establishment of various somatic cell lineages in the gonads, based on the fact that loss of germ cells does not affect somatic cell lineage specification (-). give rise to supporting/Sertoli cells (blue) or an interstitial progenitor population (pale orange). The supporting/Sertoli cell lineage is defined by the upregulation of Sry, followed by Sox9, that transforms them into a polarized epithelial cell type in the testis. As Sertoli cells mature postnatally (dark blue), they downregulate Amh expression and acquire androgen responsiveness. The interstitial progenitor cell population is defined by expression of Hes1 and other genes (Arx, CouptfII/Nr2f2, Mafb). The interstitial progenitor cells begin to express Gli1 in response to hedgehog signaling from Sertoli cells and differentiate into fetal Leydig cells (orange). A population of the interstitial progenitor cells remains as a nonsteroidogenic progenitor population that gives rise to adult Leydig cells (dark orange) postnatally. A second population of interstitial progenitor cells is specified in the mesonephros and enters the gonad during fetal development. These cells are poorly characterized, but they potentially express similar markers as the gonadal interstitial progenitors. The mesonephric interstitial progenitors differentiate into a population of fetal Leydig cells that express Nr5a1 and Cyp17a1, but do not express Gli1, and thus develop into Leydig cells independently of hedgehog signaling. The mesonephric interstitial progenitor cells do not contribute to the adult Leydig cell population.
• 
Lineage Separation of the Somatic Cell Populations in the Gonads
The daughter cells from the coelomic epithelium give rise to two main somatic cell populations in the gonads: the supporting cells and the steroidogenic cells ( Fig. ; see Fig. ) . The supporting cells, which are the first to differentiate, orchestrate sex determination of the gonads and support gametogenesis. Additionally, they are responsible for the differentiation of the steroidogenic cell lineage. The supporting cells become Sertoli cells in the testis and granulosa cells in the ovary. In the testis, the first wave of cells ingressing into the gonad gives rise to Sertoli cells, whereas the progenitor cells that ingress later are destined to become interstitial cells, which include Leydig cells (). Cell ingression into the testis ends soon after sex determination occurs in the mouse, when tunica albuginea begins to form on the border between the gonad and coelomic epithelium, blocking ingression of the coelomic epithelium (). In the ovary, the coelomic epithelium continues to proliferate past E., and these progenitor cells give rise to both theca and granulosa cells (-).
The coelomic epithelial progenitor pool is positive for both WT and SF prior to the divergence of supporting and steroidogenic cell lineages (, , , -). In the testis, the supporting cell lineage retains WT expression and downregulates SF expression as they gain Sertoli cell identity. In contrast, the steroidogenic cell lineage loses WT expression as a high level of SF expression is maintained upon acquisition and differentiation of steroidogenic potential, whereas the nonsteroidogenic interstitial progenitor cells express a low level of SF (-). This lineage-specific pattern of WT and SF expression is essential for the maintenance of their respective cell identities (). When Wt is ablated from the mouse gonadal primordium prior to sex determination, the progenitor cells fail to turn on the program for supporting cell development in both XX and XY gonads. Instead, they become steroidogenic cells with a high expression of SF and steroidogenic enzymes (). The presence of WT thus tilts the somatic cell progenitor fate toward supporting cell lineage by decreasing the transcription of Nra, which is known to stimulate steroidogenic enzyme expression (). Furthermore, in the fetal mouse ovary, where steroidogenesis is limited, Nra is downregulated after sex determination, implicating the importance of maintaining low levels of SF in a steroidogenically quiescent state ().
After establishment of the gonadal primordium and the first lineage decision, the gonad is poised to embark on the journey toward either a testis or an ovary. In the XY embryo, the presence of testisdetermining gene SRY steers the supporting cells toward the Sertoli cell program, which consequently leads to organization of distinct testis structures (testis cords and interstitium), appearance of a steroidogenic cell population, and production of male hormones [testosterone and anti-Müllerian hormone (AMH)]. In the XX embryos where SRY is absent, supporting cells differentiate into granulosa cells, which facilitate germ cell meiosis and folliculogenesis. 
Roadmap to Maleness-Differentiation of Somatic Cell Populations in the Testis
Molecular pathways that govern Sertoli cell development Differentiation of the somatic cell progenitors into Sertoli cells is initiated by the SRY gene on the Y chromosome. SRY is transiently upregulated in the supporting cells at the beginning of sex determination around GW in humans and on E. in mice (Fig. ) (-). Sry expression in the mouse is silenced after sex determination, whereas in humans a low level of SRY expression persists even in the mature testis (, , ). In the mouse, progenitors of Sertoli cells (preSertoli cells) in the center of the gonad are the first to express Sry, followed by extension of its expression toward cells in the anterior and posterior poles ().
Induction of Sry is controlled by a number of factors, including WT, SF, GATA, and the MAPK pathway (Fig. B) [for detailed information, please see (-)]. Additionally, Sry expression is a target of epigenetic control by DNA methylation, histone modifications, and chromatin repression (). In the mouse, the Sry promoter region is hypermethylated prior to sex determination and becomes hypomethylated in the beginning of sex determination (). Sry expression is also sensitive to histone modifications as the repressive histone  on lysine  (HKme) mark is associated with silencing of Sry expression. Removal of this repressive histone mark by the demethylase JMJDA is crucial for Sry induction based on the observation that loss of Jmjda results in decreased expression of Sry in the somatic cells of the XY gonad and a partial male-to-female sex reversal (). Conversely, the active histone mark (HKAc), which is controlled by the histone/lysine acetyltransferases CREB-binding protein (CBP, CREBBP, or KATA) and its closely related paralog p (EP or KATB), is essential for Sry induction. Loss of Cbp or p causes a partial male-to-female sex reversal, whereas loss of both factors results in a complete sex reversal (). In humans, CBP/p is also implicated in control of SRY expression, as variants in these genes have been identified by next-generation sequencing studies in patients with DSDs (, , ). Altered SRY expression is a relatively frequent phenomenon in human patients with DSDs, and up to % of cases presenting ,XY gonadal dysgenesis can be attributed to mutations in the coding region of SRY (). In~% of patients with ,XX testicular DSDs, the cause is translocation of a Y chromosome fragment containing the SRY gene ().
SRY induction marks the beginning of the sexually dimorphic development of the gonads. This initiation of testicular development can be detected on the transcriptomic level first in the supporting cell lineage at E. in the mouse (). SRY, a DNA-binding protein, stimulates genes critical for testis development and leads to repression of genes responsible for ovarian differentiation. The major target of SRY is the SRY-related high-mobility group (HMG) box  (Sox) (, , ). SRY and SOX expression overlap transiently in mouse Sertoli cells. Induction of SRY in the pre-Sertoli cell lineage releases a cascade of transcriptional events, leading to upregulation of~ genes and repression of~ genes (). As SRY expression dwindles, SOX persists in Sertoli cells, taking over the role of SRY in controlling a similar set of genes (, ). On a genomewide level, promoter regions of genes associated with both male and female supporting cells have open chromatin in Sertoli cells; however, active enhancer marks (HKac) are associated with genes that are only expressed in Sertoli cells. Thus, the open chromatin likely facilitates recruitment of repressive complexes to promoters of granulosa cell-associated genes, whereas Sertoli cell-associated promoters are active (). A large proportion of this sexual dimorphism stems directly from the induction of SOX, where % of upregulated and % of downregulated genes are potential direct targets of SOX ().
SOX is necessary and sufficient for specification of the Sertoli cell lineage (-). Once SOX is induced in the progenitor cells, the expression of LHX, a marker associated with an undifferentiated state of gonadal somatic cell progenitors, is reciprocally downregulated, demonstrating a potential mutual antagonism between expression of SOX and undifferentiated somatic cell fate (). Expression of Sox is initiated by binding of SRY and SF to the testisspecific enhancer core element (TESCO) in the promoter of Sox (). SOX also binds to the TESCO region as a self-maintaining mechanism when Sry expression ceases. The TESCO enhancer is sufficient to confer Sertoli cell-specific expression when introduced together with a reporter gene in a transgenic mouse model (). However, mutation of TESCO in the mouse only partially reduces Sox expression, and no testis-to-ovary sex reversal occurs, implying the involvement of other regulatory elements (). In humans, a second distal enhancer of SOX RevSex, rather than TESCO, is associated with cases of ,XY DSDs (-). Testis-specific expression of Sox is thus under several layers of control by enhancer elements, which cooperatively ensure its timely and sufficient expression during testis determination.
The ability of SOX to program gonadal progenitor cells into Sertoli cells requires the synergistic action of several additional transcription factors, including GATA, WT, doublesex and mab--related transcription factor  (DMRT), and SF. Combined expression of Wt, Gata, Sf, Dmrt, and Sox transforms human fibroblasts into embryonic Sertoli cell-like cells, showing that they are sufficient for the establishment of the Sertoli cell lineage (). SOX likely cooperates with GATA and DMRT to induce Sertoli cell differentiation in vivo (), based on the observation that the regulatory elements of SOX target genes contain not only the consensus SOX binding motif, but also a combination of binding motifs for GATA and DMRT in both mouse and bovine Sertoli cells ().
Male vs female fate in the supporting cell lineage is determined through a balancing act between SOX and the pro-ovarian [R-spondin  (RSPO)/ b-catenin] signaling. In the absence of the main testisand ovary-promoting signaling factors, SOX and RSPO/b-catenin, respectively, gonad differentiation is delayed in both XY and XX gonads (, ). As a sign of this delay, the mutant XY gonads retain Sry expression longer than in wild-type counterparts (, ). This is followed by initiation of pro-testis signaling by other SOX factors and DMRT that are activated in both XX and XY supporting cells to push the supporting cells toward a male fate in both sexes. However, the XY gonad becomes more masculinized than the XX gonad due to additional SRY-mediated activation of pro-testis signaling (, ).
Sry and Sox belong to the same gene family and interact with DNA via the HMG box; therefore, it is not surprising that they control similar sets of genes during sex determination (). Other SOX family members, specifically Sox and Sox, are able to induce Sertoli cell differentiation and testis development when they are ectopically induced in the XX gonads (, ). Sox is a member of the SoxE group that includes the closely related Sox and Sox genes. Owing to their conserved structures, it is predicted that there is functional redundancy between the SoxE factors (). Although SOX is essential for initial fate specification of Sertoli cells, it is dispensable for fate maintenance after sex determination (E.) (). However, when Sox is ablated along with Sox, Sertoli cells fail to maintain their male fate, resulting in disruption of testis morphology and infertility (, ). This indicates that SOX has an overlapping function with SOX during fetal testis development following sex determination. The other SoxE family member SOX is also able to induce ovary-to-testis sex reversal in XX mice following transgenic expression (). Sox is expressed at low levels in both XX and XY somatic cells prior to sex determination, but it becomes upregulated in the XY gonad after E. (). Furthermore, SOX interacts directly with the Amh promoter and TESCO to promote their activity in the XY cells (). In accordance, the human SOX gene is mapped to chromosome q, and duplications of this region are associated with ,XX gonadal dysgenesis (). Additional members of the SOX gene family, such as Sox, a member of the SoxC family, are also involved in gonad development (). Ablation of Sox in the mouse leads to the development of an abnormally oblong form of both testes and ovaries. In contrast to Sox, loss of Sox does not affect the supporting cell fate in either the XX or XY gonad; instead, it results in an upregulation of both Sry and Sox in the XY gonads, suggesting a role as a negative regulator for these two testis-determining factors ().
Despite the exhaustive evidence for an essential role of Sry in triggering testis determination, Sry and the rest of the Y chromosome are not prerequisite for Sertoli cell development. In XX/XY chimeric embryos, where gonadal somatic cells were composed of both XX and XY cells (),~% of the Sertoli cells were XX and hence lacked Sry, implying that Sertoli cell differentiation can be triggered by paracrine signaling from the adjacent Sry-bearing XY Sertoli cells. The threshold for the chimeric gonad to develop as a testis was~% of XY cells; with fewer XY cells, the gonad developed as an ovary (). Paracrine and autocrine amplification of Sertoli cell population is achieved through fibroblast growth factor (FGF)  and prostaglandin D  (PGD) (Fig. C) . SOX induces Fgf expression and together they form a positive regulatory loop that promotes expression of each other. FGF, whose mRNA expression follows the center to pole pattern of Sox, acts as a diffusible inducer of Sertoli cell fate across gonadal field (). Furthermore, FGF suppresses the ovarian WNT/RSPO/b-catenin pathway (discussed later in the review) and thus promotes testis fate. In the absence of Fgf, XY mouse gonads become sex reversed with incomplete or absent testis structures and decreased expression of Sox (, ). FGF signals through the c isoform of FGF receptor  (FGFRc) in Sertoli cells (). In accordance, a heterozygous missense mutation, c.G.C (p. CysSer) in the human FGFRc gene, was associated with a complete ,XY gonadal dysgenesis. The patient developed as a phenotypic female, supporting that the function of FGFR in testicular development is conserved between humans and mice ().
The second autocrine/paracrine factor amplifying SOX signaling in Sertoli cells is PGD (-). PGD is the metabolic product of lipocalin prostaglandin D synthase (). The L-pgds gene is induced in the fetal testis by SOX, and, conversely, PGD produced by L-PGDS enhances expression of Sox independent of FGF (, ). Furthermore, PGD promotes SOX-mediated gene expression by inducing nuclear localization of SOX (). Before sex determination, low levels of SOX are detected in the cytoplasm of both XX and XY gonads, but at the onset of sex determination SOX is shuttled into the nucleus in the XY gonad (). In fact, inducing nuclear localization of SOX in XX gonads results in expression of AMH, which is characteristic of Sertoli cell differentiation ().
In addition to paracrine induction of Sox expression by FGF/PDG signaling, the Sertoli cell population expands though rapid proliferation. Proliferation of Sertoli cells in mouse XY gonads accelerates  hours after the induction of the testis program and can be detected before any other morphological signs of testicular development, such as testis cord formation and testis-specific vascularization (). When proliferation is suppressed during the critical window that coincides with induction of Sry expression, XY gonads fail to develop into a testis (). However, when proliferation is blocked before or after this critical window, the resulting XY gonad is smaller, but it still differentiates into a testis (). The proliferation occurs primarily in the coelomic epithelium in several bursts. The first burst of proliferation happens at E. to E. and is promoted by Sertoli cell-secreted FGF. The cell progenies resulting from this burst give rise to Sertoli and interstitial cells (, ). The second burst of proliferation occurs after E., and is fueled by platelet-derived growth factor (PDGF). The progenies of the second wave contribute only to the interstitial cell population (, ). As a result, the testis rapidly increases in size during E. to E., with the width of the gonad doubling every  hours during this window (). The third burst of Sertoli cell proliferation, which occurs after E., is promoted by activin A from fetal Leydig cells (). When Inhba, which encodes the subunit that forms activin A as a dimer, is ablated from fetal Leydig cells, Sertoli cell proliferation is significantly decreased after E., leading to testicular dysgenesis (). This phenotype is a consequence of impaired canonical TGFb signaling in the Sertoli cells, as deletion of Smad, a central component of the TGFb signaling pathway, in fetal Sertoli cells recapitulates the testicular phenotype in activin A knockout mice (). Sufficient proliferation of Sertoli cells is necessary for not only initiation of the testis determination program, but also the size of both the steroidogenic and germ cell populations ().
In the human testis, the first phase of rapid expansion that corresponds to the differentiation of preSertoli cells occurs around GW to GW (). The human fetal Sertoli cells continue to proliferate until GW, subsequently resuming proliferation first neonatally and then prepubertally (). In mouse testes, Sertoli cell proliferation gradually ceases by postnatal day  (, ).
In addition to FGF and PDGFs, Sertoli cells secrete AMH, which plays a critical role in sexual differentiation (Fig. D) . AMH, whose expression is triggered by SOX, induces regression of the female reproductive tract progenitor Müllerian ducts (, , -). In the absence of functional AMH or its receptor AMHR, male embryos retain both female and male reproductive tracts (persistent Müllerian duct syndrome) in mice and humans (, -).
Sertoli cell fate is maintained through adulthood by Dmrt (). Even though Dmrt is dispensable for the establishment of Sertoli cell fate in mice, it is capable of inducing male fate in XX somatic cells (, ). In humans, loss of DMRT function is most often associated with deletions of chromosome p, which can result in varying degrees of ,XY gonadal dysgenesis (), suggesting that DMRT also contributes to the establishment of male fate in human supporting cells.
Fate decisions of the interstitial cells in the testis
Sertoli cell differentiation initiates the separation of the testicular somatic cells into the supporting cell and interstitial cell populations (Fig. ) . The first group of interstitial cell progenitors arises at the time of sex determination, when cells from the coelomic epithelium ingress into the gonad and become a part of the interstitium (). Similar to Sertoli cell lineage, these progenitor cells initially express WT, but instead of acquiring SOX expression, they activate Notch signaling, downregulate WT expression, and become interstitial cells (, ). These Notch-activated interstitial precursor cells maintain the progenitor cell characteristics (LHX-positive) until a subpopulation acquires Leydig cell properties on E. in the mouse (). A separate population of interstitial cell progenitors arises from cells that migrate into the gonad from the neighboring mesonephros (, -). Most of these migrating cells are endothelial cells of the vasculature, and only a small population of perivascular cells from the gonad/mesonephric border eventually become steroidogenic Leydig cells (). In contrast to the progenitor cells from the mesonephros, the gonad-derived progenitors contribute to the bulk of the functional fetal Leydig cell population (, , ).
Most of the interstitial cells are in fact nonsteroidogenic. They are negative for SF and steroidogenic enzymes, but express the hedgehog receptor Patched  (Ptch) and other markers associated with a progenitor-like state, such as aristaless-related homeobox (ARX) and chicken ovalbumin upstream promoter-transcription factor II (COUP-TFII; also known as NRF) (, , ). As the interstitial progenitors commit to a steroidogenic cell fate, they gradually downregulate expression of genes associated with the progenitor-like state and then upregulate SF and steroidogenic enzymes (, , ). In the human fetal testis, the number of COUP-TFII-expressing cells decreases with increasing gestational age, suggesting that cells are recruited from the precursor population to form steroidogenic cells (). The precise role of COUP-TFII in controlling the balance between steroidogenic and nonsteroidogenic cell populations has not been clearly defined. In the adult testis, Coup-tfII is important for adult Leydig cell differentiation, and its loss in the postnatal mouse testis leads to a spermatogenic failure due to hypoandrogenism (). A proper lineage separation between supporting and interstitial cells and maintenance of the interstitial progenitor pool requires suppression of SF expression by Tcf (also known as "ARX mutations are associated with undervirilization phenotypes also in humans." Pod) (). In the absence of Tcf, the SF-positive steroidogenic cell population expands in both the XX and XY gonads (). Furthermore, it is the interstitial progenitor cell pool that determines whether sufficient numbers of fetal Leydig cells can eventually develop to support male sexual development. ARX is important for the survival of the progenitor cells, and loss of Arx results in fewer fetal Leydig cells and impaired testosterone production. In accordance, ARX mutations are associated with undervirilization phenotypes also in humans (, , ).
The first sign of fetal Leydig cell development is the upregulation of genes encoding steroidogenic enzymes in preparation for subsequent steroidogenesis (, , ). Fetal Leydig cells appear shortly after the Sertoli cells around GW to GW in humans and on E. in mice (). Fetal Leydig cells are the main source of androgens, which are responsible for the establishment of male internal and external genitalia. Androgen production begins around GW in human testis and reaches a peak at GW to GW (). Additionally, fetal Leydig cells support male reproductive tract development not only by producing androgens, but also by secreting insulin-like  that is essential for testicular descent in both mice and humans (-).
The balance between undifferentiated progenitors and differentiated fetal Leydig cells is controlled by Notch signaling. Inactivation of the Notch pathway (i.e., loss of Notch receptors Notch or Notch) in the somatic progenitor population increases the number of fetal Leydig cells and decreases the progenitor pool. Alternatively, ectopic activation of the Notch pathway has the opposite effect (, ). The Notch pathway seems to also be involved in human Leydig cell development. A mutation in the mastermind-like domain-containing protein  (MAMLD) gene, a transcriptional cofactor responsible for activation of the Notch target genes, was identified in a patient with complete ,XY gonadal dysgenesis (). Microdeletions in the MAMLD gene in humans are associated with variable undervirilization phenotypes (hypospadias, cryptorchidism, micropenis, and decreased anogenital distance), indicating defective fetal Leydig cell differentiation and subsequent reduced levels of androgens (). However, in the mouse, loss of Mamld only causes a mild decrease in the expression of steroidogenic enzymes in the testis, which does not disrupt development of male characteristics during sexual differentiation (, ).
Fetal Leydig cells do not express the testisdetermining gene SRY; therefore, their differentiation must rely on paracrine signals from the SRY-positive Sertoli cells, including the PDGF and hedgehog signaling pathways (Fig. A) . The steroidogenic progenitor population expands in response to PDGFs secreted by Sertoli cells and loss of Pdgfra leads to decreased Leydig cell numbers and defective testis morphogenesis (, ). Immediately after their specification, Sertoli cells begin to produce hedgehog ligand desert hedgehog (DHH) as a result of SRY and SOX action (, , ). DHH targets the interstitial progenitor cell population by binding to its receptor PTCH, which consequently promote gene expression via the downstream effectors glioma-associated oncogene (GLI) transcription factors, GLI transcription factor  (GLI). Subsequently, Gli expression is triggered in a subpopulation of the interstitial cells at E. (). Thus, acquisition of Gli expression serves as a marker of hedgehog pathway responsiveness. In the human testis, an increase in GLI expression coincides with fetal Leydig cell differentiation (). DHH induces upregulation of SF and P side chain cleavage enzyme (SCC, Cypa) in fetal Leydig cells as a sign of steroidogenic cell fate (, ). However, DHH is not the only signal capable of inducing fetal Leydig cell differentiation, because some interstitial cells become steroidogenic even in the absence of Dhh (, ). Sertoli cells also negatively regulate the size of the Leydig cell population by secreting AMH, and loss of Amh leads to Leydig cell hyperplasia ().
In humans, mutations in the components of the hedgehog pathway are implicated in various cases of DSDs. DHH mutations are associated with ,XY gonadal dysgenesis (-). A patient with ,XY gonadal dysgenesis and chondrodysplasia was shown to have a homozygous missense mutation in the hedgehog acyltransferase (HHAT) gene (), which is responsible for posttranscriptional palmitoylation of hedgehog ligands. Palmitoylation enhances both short-and long-range action of the hedgehog ligands by multimerizing them. Loss of Hhat in a mouse model recapitulated the human phenotypes with chondrodysplasia, ,XY testicular dysgenesis, and absence of fetal Leydig cells ().
Leydig cells have two distinct populations: fetal Leydig cells that form after sex determination, and adult Leydig cells that emerge after birth. Most of the fetal Leydig cells involute after birth, and adult Leydig cells assume responsibility of androgen production. However, a proportion of fetal Leydig cells persist in the adult testis and they represent~% of all Leydig cells in the adult mouse (). Fetal Leydig cells that persist in the postnatal testis gradually shift their gene expression profiles to resemble adult Leydig cells, possibly as a response to changes in the endocrine environment after birth (). In the mouse, the main androgen produced by fetal Leydig cells is androstenedione. Sertoli cells convert androstenedione to testosterone by hydroxysteroid b dehydrogenase  (HSDB) action (). The conversion of androstenedione to testosterone is crucial for sufficient androgen action to ensure normal development of the male reproductive tract in humans also: mutations in HSDB result in development of female external genitalia in ,XY individuals and accumulation of the HSDB substrate androstenedione in the blood (-). Autocrine androgen action is dispensable for differentiation of fetal and adult Leydig cells, but it is required for final adult Leydig cell maturation and acquisition of full steroidogenic capacity (). Adult Leydig cell progenitors remain dormant in the fetal gonads and are recruited to differentiate as steroidogenic cells only after birth. These adult progenitor cells start as a part of the pool of nonsteroidogenic interstitial cells in the fetal testis (, , ). Interestingly, the adult Leydig cell progenitors respond to hedgehog signaling. However, they simultaneously retain expression of progenitor cell markers and resist differentiation into steroidogenic cells by an unknown mechanism.
Decreased androgen action in the XY male or ectopic action in the XX female commonly leads to development of atypical external genitalia, which often serve as the first sign of DSDs. Mutations in the androgen receptor can lead to either partial or complete androgen insensitivity (CAIS). Cases of partial androgen insensitivity and CAIS exhibit a range of phenotypes, with CAIS as the most severe, causing , XY individuals to develop female external genitalia without Müllerian structures, despite functioning testes that secrete testosterone and AMH ().
Androgen production is stimulated by LH in the postnatal testis, but LH signaling is not required for fetal Leydig cell differentiation and androgen production in mice (-). However, mutations in LHCGR in humans lead to ,XY DSD due to lack of androgens (). Human fetal Leydig cells are LH responsive, and their androgen production depends on placental chorionic gonadotropin early in gestation and LH secreted by the fetal pituitary toward the end of gestation (, , ).
Becoming Female-Somatic Cell Fate Decisions in the Fetal Ovary
Establishing granulosa cell fate Both granulosa and Sertoli cells arise from common somatic progenitor cells in the gonadal primordium (Fig. ) (, ) . Similar to the XY gonads, the supporting cell lineage in the XX gonad requires a core of regulatory components, including GATA/FOG, WT, SF, and insulin, to maintain the survival and expansion of the progenitor pool (, , , ). In XX somatic progenitors, which lack Sry, these core regulators also facilitate the progression of the proovarian WNT/RSPO/b-catenin signaling pathway (Fig. ) . WNT and RSPO, which are produced by XX somatic progenitors as autocrine/paracrine regulators, bind to membrane-bound WNT receptor Frizzled and G protein-coupled receptors LGR and LGR, respectively. WNT and RSPO trigger a cascade of intracellular signaling pathways that leads to stabilization and nuclear translocation of cytoplasmic catenin b (b-catenin) in the granulosa cell progenitors (). Before the onset of sex determination, expression of Wnt and Rspo is not sexually dimorphic, and the b-catenin pathway is active in both XX and XY gonads (). On a global transcriptomic level, somatic cells in the bipotential gonad exhibit a female bias prior to sex determination (, , ). Around the window of sex determination, the ovary diverges from the bipotential state to ovarian differentiation though induction/maintenance of proovarian genes and repression of pro-testis genes (, ). However, the fate acquisition process continues to be malleable during the sex determination window (E to E. in mice). Ectopic expression of Sry between E and E. in the mouse ovary leads to a stable induction of SOX expression, but when ectopic Sry expression is induced after this window (E. to E.), only a subpopulation of XX somatic cells continues to express SOX (). This suggests that after the window of sex determination, most ovarian somatic cells have already acquired a robust proovarian program, which resists Sry-mediated SOX activation (, , , ).
As sex determination is initiated, the WNT/ RSPO/b-catenin pathway is silenced in the XY somatic cells as a result of combined action of WT, FGF, and SOX (, , ). Conversely, activation of the WNT/RSPO/b-catenin pathway in the ovary suppresses Sox and Fgf expression, leading to stabilization of ovarian fate in the somatic progenitor cells (, ). When the WNT/RSPO/b-catenin pathway is compromised, such as in Wnt, Rspo, or Ctnnb knockout mouse models, the XX gonad undergoes partial female-to-male sex reversal characterized by upregulation of Sox and appearance of Unlike Leydig cells, which differentiate in the testis right after sex determination, the ovarian steroidogenic theca cells differentiate near birth and full steroidogenesis begins after birth. Also, oocytes participate in theca cell recruitment in the ovary through secreting GDF9, which induces expression of the hedgehog ligands DHH and IHH in the granulosa cells. DHH and IHH transform stromal progenitors into the theca cells that surround the follicles around birth in the mouse. Furthermore, granulosa cells promote theca cell recruitment by also producing PDGFa. testicular vasculature (, , -). Alternatively, when the WNT/RSPO/b-catenin pathway is ectopically activated in the XY gonad through b-catenin stabilization, the testicular program is partially overridden (, ). However, when only Wnt is overexpressed in the XY gonad, Sertoli cell fate is not altered, suggesting that WNT and b-catenin may have differential roles in promoting female fate (, ). Furthermore, loss of Sox in XY somatic cells results in upregulation of the WNT/RSPO/ b-catenin pathway and testis-to-ovary sex reversal, but complete sex reversal is prevented by additional loss of Rspo or Ctnnb, thereby demonstrating that in the absence of SOX, WNT/RSPO/b-catenin signaling is able to drive granulosa cell differentiation (, ).
In human fetal gonads, WNT expression is identical in male and female gonads with no temporal fluctuation, whereas RSPO expression is ovary specific (, ). Nevertheless, both WNT and RSPO are important in inducing ovarian development in humans. ,XX patients with loss-of-function mutations in WNT are virilized and lack Müllerian structures (, ), whereas RSPO loss-offunction mutations lead to ,XX DSD with complete sex reversal (, ). Conversely, gain of function through duplication of chromosome p-p, which contains both WNT and RSPO loci, causes ,XY male-to-female sex reversal due to induction of granulosa cell fate in the supporting cell lineage ().
Following initiation of the female fate by the WNT/RSPO/b-catenin pathway, granulosa cell fate is enforced by expression of the transcription factor forkhead box L (FOXL) ( commit to either supporting/granulosa cells (pink/lilac) or a stromal progenitor population (pale orange). Granulosa cells (GC) differentiate in two asynchronous waves. The first population of the granulosa cells (pink) is specified by upregulation of the cell cycle inhibitor Cdkn1b/p27 and subsequent induction of Foxl2, and it eventually gives rise to granulosa cells that surround the follicle in the medullary region of the ovary (dark pink). The second population of granulosa cells (lilac) expresses the RSPO1 receptor Lgr5 and actively proliferates to expand the cell pool prior to cell cycle arrest and differentiation through induction of Cdkn1b/p27 and Foxl2. The second wave of granulosa cell differentiation gives rise to granulosa cells of both medullary (dark pink) and cortical follicles (purple). The stromal progenitor cells in the XX gonads (light orange) remain as undifferentiated Lhx9-positive cells in the fetal ovary, but they potentially express markers for interstitial cell fate (Arx, CouptfII/Nr2f2, and Mafb). Near birth the hedgehog signaling from granulosa cells transforms the progenitor cells into the steroidogenic Gli1-positive theca cells (dark orange). Stromal progenitor cells from the mesonephros also contribute to the theca cell population. These cells potentially express genes similar to the gonadal stromal progenitors. Some of the stromal cell progenitors might remain in the postnatal ovary as a nonsteroidogenic stromal cell population, which expresses CouptfII and Arx, similarly to the nonsteroidogenic interstitial cells in the testis.
polled intersex syndrome where the XX gonad undergoes a complete female-to-male sex reversal (, ). In humans, an autosomal-dominant mutation in FOXL is associated with premature ovarian failure, but not sex reversal (, ). In the mouse, despite the early upregulation of Foxl in ovarian supporting cells, FOXL is not essential for initiation of granulosa cell development, but it is crucial for maintenance of granulosa cell fate after birth (, ). Loss of Foxl leads to derepression of Sox and granulosa-to-Sertoli cell transdifferentiation (, ). However, FOXL is capable of inducing ovarian differentiation in the XY gonad and male-to-femal sex reversal, following transgenic upregulation of Foxl or upregulation of Foxl due to loss of Fgfrc in the XY gonad (, ). These observations together support that FOXL and the WNT/RSPO/b-catenin pathway play complementary roles in promoting granulosa cell fate in the fetal gonad. Indeed, a combined loss of Foxl and Wnt or Rspo results in a female-to-male sex reversal that occurs earlier and with a more severe phenotype than sex reversal resulting from loss of only Foxl, Wnt, or Rspo (, ).
After the establishment of the first pool of granulosa cell progenitors, their subsequent differentiation occurs asynchronously as a gradient from the medulla to the cortex (Fig. ) . Somatic cell progenitors from the gonadal primordium give rise to the first pool of granulosa cells in the medulla (, , , ). The medullary granulosa cells are mitotically arrested with upregulation of several cyclin-dependent kinase inhibitors such as CDKNb/p and subsequent downregulation of cyclin A (Ccna) (, , , ). Expression of p is maintained in granulosa cells by FOXL, but loss of Foxl does not result in cell cycle re-entry, suggesting that other factors besides p and FOXL contribute to maintenance of granulosa cell quiescence in fetal life (). The coelomic epithelium, alternatively, continues to proliferate and provides progenitors for the second wave of granulosa cells (). The coelomic epithelium, which expresses both RSPO receptors Lgr and Lgr, retains a more undifferentiated state compared with the medullary granulosa cell population, and it gives rise to new cortical granulosa cells until birth (, , , , ). Consistent with the role of WNT/RSPO/ b-catenin signaling in promoting proliferation of granulosa cell progenitors, ectopic activation of the WNT pathway in the ovarian somatic cells through stabilization of b-catenin results in an expansion of the granulosa cell population and increased size of the ovary ().
In the XY gonad, the coelomic epithelium loses Lgr expression after sex determination, coinciding with the cessation of cell recruitment from the coelomic epithelium to the testis (, ). The continued presence of LGR in the coelomic epithelial domain in the XX gonad maintains its ability to respond to RSPO and fuels the continuous recruitment of granulosa cells throughout fetal life. Furthermore, RSPO responsiveness is retained through LGR expression in differentiated medullary granulosa cells after they become mitotically arrested (, ). Medullary granulosa cells downregulate Lgr expression as they further differentiate (). Moreover, when granulosa cell recruitment from the cortex ceases in the postnatal ovary, Lgr is restricted to the ovarian epithelial stem cells, which participate in repair of ovulation wounds in the mature ovary (). Genetic inactivation of Lgr in mouse fetal ovaries does not alter granulosa cell fate, whereas loss of Lgr results in a partial female-to-male sex reversal due to decreased WNT/b-catenin signaling (, ), suggesting partially compensatory and redundant roles of these two receptors.
Similar to their counterpart Sertoli cells, granulosa cells were originally thought to commit to a permanent fate once they are formed, but an additional layer of pro-ovarian signaling in the postnatal granulosa cell is achieved through estrogen signaling. In the mouse, estrogens are crucial for the maintenance of granulosa cell fate in the adult, since loss of estrogen receptors (ERa and ERb) causes transdifferentiation of granulosa cells to Sertoli cell-like cells (). Furthermore, the estrogen receptor cooperates with FOXL in adult granulosa cells to repress expression of Sox (, ). These models indicate that, similar to Sertoli cell fate, granulosa cell fate is malleable after their initial differentiation and needs to be actively maintained throughout life by pro-ovarian signaling.
Granulosa cells orchestrate ovarian development through secretion of paracrine factors. One of the early paracrine factors secreted by XX somatic cells is follistatin (FST), which is a downstream target of WNT/ b-catenin and FOXL (, ). FST inhibits migration of endothelial cells into the fetal ovary by neutralizing the binding ability of activins to their receptors (, ). In the testis, activin B promotes formation of testis-specific vasculature, whereas in the ovary, activin activity is suppressed by FST, rendering a lack of such vasculature (). Furthermore, granulosa cells recruit stromal progenitor cells to differentiate into theca cells around birth through secretion of hedgehog ligands and PDGFa (, ). Granulosa cells are thus the central organizers that lead ovarian morphogenesis, support germ cell development, and promote differentiation of the steroidogenic cell lineage.
Establishment of the theca cell lineage Theca cells, the ovarian counterparts of testicular Leydig cells, become morphologically distinguishable after birth as the follicles assemble. Similar to Leydig cells, theca cells are located in the interstitium, separated from the supporting granulosa cells by a basal membrane. The major function of theca cells is to produce androgens, particularly androstenedione, which is aromatized to estrogens by CYP expressed in granulosa cells (). Theca cells originate from at least two progenitor populations: most theca cells arise from WT-positive somatic progenitors in the gonadal primordium, and a smaller population of theca progenitors migrates to the ovary from the mesonephros (Fig. ) () . In the mouse, stromal progenitor cells for the theca cell lineage can be isolated from the postnatal ovary and subsequently induced to proliferate and differentiate into theca-like cells in vitro by exposure to serum, LH, IGF, and stem cell factor (). When these theca-like cells are injected into an adult ovary, they integrate into the proper location of the theca layer surrounding the follicles.
Based on the similar functions and characteristics between theca cells and Leydig cells, candidates for identifying the stromal progenitor cells have been established, including MAFB, ARX, and COUP-TFII, all of which have been shown to mark Leydig cell progenitors (, , ). In the fetal mouse ovary, ARX is expressed in the coelomic epithelial cells and other unknown cell types in the gonadal parenchyma and gonad/mesonephric border at the time of sex determination (). Around birth when assembly of the medullary follicles occurs, ARX-expressing cells are recruited to the medullary region of the ovary (). However, it is not known whether the ARX-positive cells give rise to theca cells, granulosa cells, or both. Interestingly, COUP-TFII-positive cells form a distinct population that is negative for granulosa cell markers FOXL and LGR (). The lack of granulosa cell marker expression in these cells suggests either an undifferentiated state or an acquisition of stromal cell fate. It is not known whether ARX and COUP-TFII mark the same cell population in the ovary or whether they contribute to the heterogeneity of the stromal cell population. COUP-TFII-expressing cells likely contribute to the steroidogenic capacity of the postnatal ovary, as haploinsufficiency for CouptfII results in delayed puberty and impaired progesterone production in mice ().
An additional indication of the parallel developmental path of theca cells and Leydig cells is that fetal Leydig cells and theca cell progenitors use the same enhancer region to control expression of Nra, the master regulator of steroidogenesis (, ). When this enhancer sequence is used to drive expression of reporter gene Gfp in female mice, some theca cells and steroidogenic stromal cells become GFP-positive postnatally, suggesting that a similar set of transcription factors controls Nra expression in fetal Leydig cells and theca cells (). A subpopulation of theca cells is negative for Nra enhancer-driven GFP, implying that these cells could represent a population similar to the adult Leydig cells, which is recruited to acquire a steroidogenic cell fate later in development ().
Theca and granulosa cells have a shared origin in the coelomic epithelial progenitor population, but mechanisms responsible for the divergence of granulosa and theca cell lineages are not known. In the fetal testis, the separation between supporting Sertoli cells and interstitial cells is well defined, as expression of Sry/Sox specifies the supporting cell lineage. In the fetal ovary, the presence of FOXL defines the granulosa cell lineage, which is negative for the potential interstitial cell lineage markers Mafb and CouptfII (, ). The FOXL-negative interstitial cells, which are positive for Mafb, express very few genes that are unique to this population when compared with pregranulosa cells, suggesting that they are closely related to the supporting cell lineage in the ovary ().
Theca cell recruitment and differentiation is under paracrine control by the granulosa cells, through mechanisms that parallel fetal Leydig cell differentiation in the testis (Fig. B) . In the mouse, granulosa cells in the neonatal ovary produce two hedgehog ligands, DHH and indian hedgehog (IHH) (, ). In mice, the theca cell progenitors begin to express the hedgehog receptor PTCH and GLI around the timeof-birth pathway in response to granulosa cell-derived DHH and IHH (, ). At the same time, another population of Gli-positive theca cell progenitors migrates from the neighboring mesonephros into the ovary (). These mesonephric theca cell progenitors respond to the hedgehog ligand sonic hedgehog in the mesonephros first, and then migrate into the ovary around birth (, , ). Transformation of both types of progenitor cells into theca cells requires Dhh and Ihh, as inactivation of both hedgehog ligands results in absence of the theca layer, impaired steroidogenesis, and arrested follicle growth (). Production of Dhh and Ihh in granulosa cells is stimulated by oocyte-derived growth differentiation factor  (GDF) (, ). In the absence of Gdf, theca cells are not recruited to surround the follicles so that granulosa cells activate steroidogenesis in an attempt to compensate for the theca cell loss (). An additional level of paracrine control of theca cell differentiation is achieved through PDGFRa signaling, and ablation of Pdgfra in the somatic progenitor cells results in impaired theca cell development (). Theca cells arise though paracrine recruitment of several populations of progenitor cells, and the mesonephros-derived theca cells show signs of stronger steroidogenic activity than do the gonad-derived theca cells (). However, whether this heterogeneity contributes to significant functional differences between mature theca cells remains to be determined.
In the mouse fetal ovary, granulosa cells do not produce hedgehog ligands. Consequently, the hedgehog pathway is silenced and no theca cell differentiation is detected in the fetal ovary. This unique developmental time frame is crucial, as the interstitial progenitor cells remain plastic prior to birth. When hedgehog signaling is prematurely activated in Sf-expressing somatic cell progenitors, which give rise to both supporting and steroidogenic lineages, some of these cells differentiate into androgen-producing fetal Leydig-like cells in the ovary (). Interestingly, if the hedgehog pathway is ectopically induced later in development, exclusively in the supporting cell lineage, it is insufficient to transform supporting cells to steroidogenic cells (). The effect of hedgehog signaling on ovarian somatic cell differentiation thus depends on the timing and the cell type where the signaling is activated. Mutations in the hedgehog signaling pathway have not been reported to be associated with defects in ovarian development or female fertility in humans, but activation of hedgehog signaling is associated with ovarian carcinoma, suggesting a significance for properly tuned hedgehog signaling in ovarian somatic cell populations ().
Despite the lack of theca cells, fetal mouse ovaries show a low level of steroidogenesis. Both mouse and human fetal ovaries express key steroidogenic enzymes (bHSD and CYP) in granulosa cells and oocytes and consequently produce low levels of progesterone and estradiol (-). The significance of this low level of steroidogenesis for ovarian development is not known. It has been hypothesized that fetal ovarian steroidogenesis inhibits follicle formation prenatally in the mouse, and withdrawal of both the maternal source of estradiol and fetal ovarian estradiol synthesis at birth initiates follicle formation (, ). However, loss of endogenous estradiol (through loss of aromatase function) or estrogen responsiveness have not been reported to alter follicle formation, suggesting that steroidogenesis in the fetal ovary has little functional significance for prenatal ovarian development (, -). Ovaries reach full steroidogenic capacity only after theca cell recruitment, formation of the first antral follicles, and acquisition of gonadotropinresponsiveness on postnatal day  in the mouse and near birth in humans (-).
Swapping Fate Between Adrenal and Gonad-Shared Origin of Adrenal and Gonadal Steroidogenic Cells
Gonads and adrenal glands, specifically the adrenal cortex, derive from a common origin, the adrenogonadal primordium (Fig. ) () . Around E. in the mouse, the SF-positive adrenogonadal primordium splits into two organs (): a gonadal primordium that retains WT and GATA expression, and an adrenal primordium that downregulates WT and GATA expression (, ). Downregulation of WT is a prerequisite for the adrenal primordium to differentiate into steroidogenic cells in the adrenal cortex (). However, a few WT-positive undifferentiated progenitor cells remain in the adrenal even in the adult (), and upon gonadectomy or chronic gonadotropin exposure, these WT-positive progenitor cells differentiate into gonad-like steroidogenic cells (). A similar phenomenon is observed in mice that are genetically susceptible to gonadotropin-induced adrenal tumorigenesis such as DBA/J inbred mice, inhibin knockout mouse (Inha 2/2 ), and mice with transgenic expression of GATA in the adrenal (-). These mice develop adrenal tumors after gonadectomy, which are characterized by expression of granulosa and theca cell markers, and rely on gonadotropin stimulation for expansion and estrogen production (-, ). Gonadotropin-dependent adrenal hyperplasia and adenomas have been also reported in women during pregnancy or menopause when chorionic gonadotropin or LH levels are elevated (, ). A reverse scenario is found in the gonads where adrenal-like progenitors are present (). These adrenal-like cells are adrenal progenitors that are left behind in the gonads when the two primordia separate. The adrenal-like cells reside near the gonad/ mesonephric border and migrate into the gonad during fetal development (). Similar to adrenal progenitor cells, the residual adrenal cells in the gonads are responsive to both adrenocorticotropic hormone and LH (). The appearance of adrenal-like cells in the gonad are negatively regulated by WNT in both sexes (). WNT may elicit this effect through inhibiting migration of the adrenal-like cells into the gonad or by promoting separation between adrenal and gonadal primordium (, ). The switch in fate from adrenal progenitor to gonadal-like steroidogenic cells is associated with a change in expression of the adrenal-specific Gata factor to the gonad-specific Gata factor in the subcapsular adrenal progenitor cell population (). Gata and Gata are both expressed in adrenocortical cells and gonadal cells during fetal development. However, Gata is downregulated at birth, whereas Gata persists in the adrenocortical cells, and this change maintains adrenocortical fate and represses gonadal-like differentiation (, ). Adrenocortical progenitors require both Gata and Gata for survival, and deletion of both factors results in adrenal aplasia (). Interestingly, gonads still form even in the absence of Gata and Gata. However, without Gata and Gata the steroidogenic population in the testis consists of adrenal-like cells instead of fetal Leydig cells. These observations suggest that GATA and GATA are required for the adrenal vs Leydig cell fate decision (). In addition to the GATA factors, sumoylation of SF is involved in controlling the adrenal vs Leydig cell fate decision. Small ubiquitin-like modifier conjugation is a posttranslational modification that modulates the action of proteins such as histones, transcription factors, and chromatin modifiers. When SF fails to be sumoylated, steroidogenic cell fate is reciprocally disrupted: gonadal-like cells are detected in the adrenals, and adrenal-like cells become absent in the gonads (). Interestingly, in humans with congenital adrenal insufficiency, steroidogenic cells form adrenal rest tumors in gonads and reproductive tract, suggesting that a similar adrenal-like cell population might exist in human gonads (-).
Conclusions and Future Perspectives
Gonadal somatic cells undergo several lineage decisions on the path to form a functional gonad. The coelomic epithelial cells surrounding the gonadal primordium become specified as the somatic cell progenitors proliferate and ingress into the gonad. Ingression of cells into the gonadal parenchyma is coupled with a fate decision process that separates the supporting cell progenitors from the interstitial/ stromal cell progenitors. Sex-specific identities of supporting cells (Sertoli vs granulosa cells) are established first through a balancing and antagonizing act of transcriptional regulation and paracrine/autocrine signaling. The supporting cells then facilitate the differentiation of steroidogenic cell progenitors into Leydig cells in the testis and theca cells in the ovary, which subsequently shape the sex-specific endocrine environment.
Although a rough roadmap for the lineage derivation of major somatic cell types has come to light, several avenues remain to be explored. It is likely that in addition to the cell types that have been identified so far, intermediate cell populations and novel progenitor subpopulations are present in the developing gonads. Such cell populations could be identified and studied using single-cell RNA-sequencing technologies. So far this approach has identified three differentiation states of human fetal granulosa cells and shed light on the signaling pathways that operate between somatic cells and germ cells to control gametogenesis in human fetal gonads (). Additionally, single-cell RNA sequencing of Sf-positive cells isolated from E. to E. mouse testis confirmed the presence of a Figure 6 . Lineage separation of the adrenogonadal primordium to adrenal and gonadal steroidogenic cells. Cells in the adrenogonadal primordium (green) express SF1, WT1. and GATA4. As separation of the adrenal and gonadal populations begins in the mouse, the gonadal progenitors (purple) retain expression of these factors, whereas adrenal progenitors (blue) downregulate WT1 and GATA4 and upregulate GATA6 expression. Few undifferentiated gonadal progenitor-like cells (green) remain in the adrenal gland. When LH levels are increased in the mouse by gonadectomy or administration of ectopic LH/human chorionic gonadotropin, these progenitor cells differentiate into gonad-like steroidogenic cells in the adrenal (purple). Some adrenal-like cells (light blue) reside around the gonad mesonephric border. Upon loss of WNT4 signaling, this population expands in the testes and ovaries.
common Sertoli and Leydig cell progenitor population and elucidated dynamic gene expression changes that occur during lineage specification of the supporting and steroidogenic cells in the testis (). However, in both of these studies only previously known somatic cell populations were captured due to targeted analysis of a single isolated lineage and/or limited numbers of cells sequenced for each cell type and age (, ). With the improvement of singlecell sequencing techniques and sequencing capacity, it is expected that the lineage progression of fetal somatic cells will be described with even more granularity in the near future, especially with respect to the constitution of the interstitial/stromal cell populations. The interstitial/stromal populations express a set of common lineage markers such as Ptch, Gli, Arx, and Coup-tfII; however, only a subset of the interstitial/stromal cells becomes steroidogenic cells and peritubular myoid cells, which surround the seminiferous tubules. How is the steroidogenic fate defined? Does a distinct Leydig cell progenitor population exist already before sex determination? How does the testis-specific peritubular myoid cell population arise from the interstitial/stromal progenitors, and why do they not differentiate in the ovary? Single-cell analyses will enable us to gain unprecedented insight into the contribution of different populations into the undifferentiated cell pool and to decipher signaling pathways that could be responsible for the lineage separation.
Matching transcriptome data to cell-specific epigenetic status of the chromatin is a powerful tool to study gene networks that govern cell fate determination. DNase sequencing on isolated fetal Sertoli cells and SOX chromatin immunoprecipitation sequencing on whole testis have provided tremendous molecular insights in the elucidation of the fate decision process of Sertoli cells (-). Similar approaches on various cell types in the fetal ovary will help the field answer several key questions, particularly on how the cortical and medullary granulosa cells emerge from a common source, and how they contribute to meiosis and the formation of follicles.
Knowledge of the normal development of fetal gonadal somatic cells provides invaluable information for generating in vitro models, such as organoids and in vitro differentiation models, to study gonad development. In vitro differentiation of human gonadal somatic cells from stem cells will enable understanding not only the basic biology of these cells, but also how patient-specific mutations and chemical exposures influence their differentiation (). Patients with endocrine disorders as a result of DSDs, hypogonadism, and/or adrenal insufficiency often need to rely on life-long hormone replacement therapy. Gene therapy and in vitro differentiation of steroidogenic cells could possibly offer a new therapy to these patients through regenerative medicine and stem cell biology. The gonad is a complex tissue with multiple cell types and sex-specific three-dimensional structures. These complex structures can be modeled using organoid cultures and microphysiologic systems that contain not only the gonad but also the reproductive tract and metabolic organs (-). These systems will provide powerful tools to tease out how interactions between different cell types and organ systems are altered in humans as a result of DSDs or environmental exposures. 
